Ultrafast terahertz spectroscopy can be used to probe charge and spin dynamics in semiconductors. We have studied THz emission from bulk InAs and GaAs and from GaAs/AlGaAs quantum wells as a function of magnetic field. Ultrashort pulses of THz radiation were produced at semiconductor surfaces by photoexcitation with a femtosecond TiSapphire laser, and we recorded the THz emission spectrum and the integrated THz power as a function of magnetic field and temperature. In bulk samples the emitted radiation is produced by coupled cyclotron-plasma oscillations: we model THz emission from n-GaAs as magneto-plasma oscillations in a 3-D electron gas. THz emission from a modulation-doped parabolic quantum well is described in terms of coupled intersubband-cyclotron motion. A model including both 3-D plasma oscillations and a 2-D electron gas in a surface accumulation layer is required to describe THz emission from InAs in a magnetic field.
I. INTRODUCTION
Ultrafast photoexcitation of semiconductor surfaces is a convenient, widely used technique for generating THz pulses.
[1] The efficiency of this process can be increased by using a magnetic field to increase the component of the oscillating electric dipole perpendicular to the THz beam. [2] Sarakura et. al. [3] reported a substantial enhancement of the efficiency of THz generation at InAs surfaces by a moderate magnetic field, and average emitted THz powers of ~0.7 mW using a 1 W average power Ti-Sapphire pump laser. However, recent studies by McLaughlin, et. al. [4] and by ourselves [5] yield much lower, although still substantial THz powers of order ~10 W under similar experimental conditions. Ohatake et. al. has investigated the THz emission from InAs for a wide variety of magnetic field geometries. [6] Weiss, et. al. have investigated THz generation from InAs and a number of other semiconductors. [7] They show that the component of the power due to magnetic field varies as the square of the field for fields B < 1T. A recent study by Corchia, et. al. [8] examines THz generation in GaAs in a magnetic field. They are able to successfully describe the dependence of the emitted THz power on magnetic field, and also the dependence of the THz emission on pump intensity. Recently, we have investigated THz emission from bulk InAs and GaAs as a function of magnetic field [5] . In this paper we summarize that work, and in addition report the magnetic field dependence of THz emission from a modulation-doped GaAs/AlGaAs parabolic quantum well. THz emission from n-GaAs in a magnetic field can be described as coupled plasma-cyclotron oscillations, and we model THz emission from the quantum well as coupled cyclotron-intersubband plasma oscillations of a 2D-electron gas. N-type InAs is a complicated system, containing both extrinsic electrons and a natural surface electron accumulation layer. We show that THz emission in n-InAs can be modeled as the sum of two components: coupled plasma-cyclotron oscillations from extrinsic carriers and cyclotronintersubband oscillations from carriers in a 2D layer. Finally, we show that THz charge oscillations in InAs are excited by diffusion of photoexcited hot carriers rather than drift in the surface electric field. 
MODEL
THz charge oscillations at semiconductor surfaces are initiated by ultrafast photoexcitation. In many III-V semiconductors the excitation mechanism is ultrafast screening of the surface electric field. More generally, photoexcitation produces a non-equilibrium concentration of hot carriers in the near surface region which drives diffusion. For electrons the electromotive force is
where is the conductivity, Q is the thermopower coefficient, and D n is the electron diffusion coefficient. Although the second and third terms lead to a bipolar current, they do create a net electric field (a Dember field) because the diffusion coefficients of electrons and holes are not equal. It has been shown [9] that diffusion of hot carriers drives THz emission in the narrow-gap semiconductor Te, and we show below that this mechanism also drives THz emission in InAs.
Following initial excitation, it is found that n-type GaAs and InAs samples in zero magnetic field emit THz radiation at the plasma-frequency of the extrinsic electrons [10] [11] . Recently, we have used a semi-classical model of plasmaoscillations of electrons in a magnetic field to describe THz emission from GaAs and InAs. [5] We numerically solve the equations of motion, assume an impulsive excitation and calculate the response of the system in the long-wavelength limit (q = 0). THz emission from the oscillating plasma is calculated in the electric dipole approximation.
For bulk samples, the model predicts that electrons moving parallel to B oscillate at the classical plasma frequency, while carrier motion perpendicular to B couples into the high frequency and low frequency magnetoplasma modes. The origin of these modes can be easily understood: For B = 0, displacement of charge produces a linear restoring force through the space charge field. The in-plane equations of motion are identical to those of a 2-D harmonic oscillator, and two degenerate, independent solutions describe clockwise and counter-clockwise circular motion. A magnetic field perpendicular to the plane lifts the degeneracy. For a homogeneous 3-D electron plasma, the eigenvalues are
where c is the cyclotron frequency and p is the plasma frequency.
We treat THz emission from a parabolically confined 2-D plasma by introducing a harmonic potential perpendicular to the surface. In addition, we assume that no space-charge field is created by motion of the 2-D electrons parallel to the surface in the long-wavelength limit. The eigenmodes are characteristic of coupled harmonic oscillators at c cos and s , where s is the frequency for oscillations perpendicular to the surface and is the angle which B makes with the surface normal. For a magnetic field parallel to the surface ( =90°), the response consists of a high-frequency mode at
2 and a low frequency mode at − = 0 . Charge in the -mode does not oscillate, but does emit lowfrequency radiation as it decelerates due to damping.
EXPERIMENT
Optically pumped THz emission was measured in the reflection geometry. Pump radiation was incident at 45 degrees to the sample surface, and THz radiation was collected along the direction of the reflected pump pulse. Measurements were performed with the sample surface parallel to and at 45° to the magnetic field. For most measurements the samples were mounted in a horizontal split-coil superconducting magnet with a variable temperature insert ( 4-300K), and the pump was a 140fs mode-locked Ti-Sapphire laser oscillator. Since the excitation pulse-width sets an upper limit to the emission frequencies observed in these experiments, we performed additional measurements using a 12fs Ti-Sapphire laser. For these measurements, samples were held at room temperature in air, and a permanent magnet was used to obtain magnetic fields of ±0.5T.
The samples investigated included bulk n-GaAs, bulk InAs (n-type and p-type), and a modulation-doped AlGaAs/GaAs parabolic quantum well (n = 5·10 11 cm -2 ). The emission was recorded as a function of temperature between 280K and 10K. In bulk samples we observed a weak temperature dependence, with the emitted power decreasing by a factor of 2 between 10K and 280K. The quantum well sample was studied at T = 10K. ) and n-GaAs (n = 1x10 17 cm -3
) measured by electro-optic sampling. Although the surface electric field in the samples are in opposite directions, the initial sign of the THz electric field is the same. The waveforms have been normalized. 
n-GaAs
The zero-field THz emission spectrum of n-GaAs measured with the 12fs pump laser consists of a single broad peak centered at the plasma frequency. A sharp feature near the GaAs LO-phonon frequency is also observed. At positive magnetic fields parallel to the surface the plasma peak splits into two broad features which are distinct up to B = 1.5T. For negative fields in this same range, the two features are not distinct. Overall, the center frequency of the response shifts to lower frequencies at high fields. The THz power versus field is plotted in the inset to Figure 1 . Interestingly, the minimum response is at B = 0.9T rather than at B = 0. Our phase-sensitive detection technique shows that the electric field component at the zero-field plasma frequency changes sign at this minimum point.
In GaAs, we obtain good quantitative agreement between the model and experiment. Qualitatively, the field-dependence of the power arises from a geometrical effect: the curvature of the electron trajectories changes the component of the dipole moment perpendicular to outgoing THz beam. Since the sign of the change depends on the field direction, and because the dipole has a perpendicular component even at B = 0 in our geometry, the minimum intensity does not occur at zero-field. At high fields ( c >> ) , the electron trajectories are more nearly circular, so that geometrical effects become less important. In this regime, changes in the power reflect the field-dependence of the emission spectrum. ).
We can also give a physical basis for the magnetic field dependence of the emission spectrum. Under certain conditions, we can expect to resolve the upper and lower magneto-plasma modes in our measurements. While the dipole moment associated with the upper and lower modes oscillate in phase for very small fields, the contribution from one will change sign as the field is increased, with the lower (upper) mode changing sign at greater positive (negative) fields. This sign change is observed experimentally. When the dominant low frequency mode is suppressed near this sign change, the experimental data clearly show both modes. We conclude that THz emission from n-GaAs in a magnetic field is dominated by bulk magneto-plasma oscillations of the extrinsic carriers.
AlGaAs/GaAs Parabolic QW
THz emission from parabolic quantum wells in a magnetic field has been investigated by Some and Nurmikko. [12] We used a modulation-doped parabolic well primarily as a well-characterized system to test our model of THz emission. At zero magnetic field the spectrum shows an emission feature at 2.5THz due to the intersubband plasma oscillation, as well as a second emission feature centered at 0.5THz, which we associate with photoexcitation of the substrate. [13] The relative strength of these features can be varied by changing the center-frequency of the pump laser between = 800nm and = 760nm, and thus the fraction of the radiation absorbed in the quantum well.
The THz emission spectrum was recorded as a function of magnetic field at = 45° to the sample surface. At high magnetic fields we observe two features associated with the quantum well. The intersubband plasma resonance is observed at all fields, and its center frequency is nearly field-independent. A second line is observed near the electron cyclotron frequency in the quantum well, c cos . In addition, we observe features associated with photoexcitation of the substrate. The broad feature at 0.5THz evolves with field, and at high fields we see a relatively sharp line close to the cyclotron frequency in GaAs, and a broad feature centered near 0.4THz.
We have modeled this system as two components: Quantum well electrons in a parabolic potential, plus a plasma of photoexcited free carriers in the GaAs substrate. Model emission spectra are plotted in Figure 3b . In the simulation, the damping rate was set to a small value to aid in the interpretation. The simulation shows two features associated with the quantum well: emission due to intersubband-plasma oscillations, and emission associated with cyclotron motion in the plane of the well. At high fields the simulation shows an avoided crossing between these modes. The model predicts three modes associated with magnetoplasma oscillations of the photoexcited carriers in the substrate: emission at the upper and lower magnetoplasma frequencies, and a third peak at the B = 0 plasma frequency associated with carrier motion parallel to the magnetic field. At high fields, the upper magnetoplasma frequency asymptotically approaches the cyclotron frequency.
The model qualitatively describes the experimental data, and we associate the observed quantum well features with the intersubband plasma oscillation and with in-plane cyclotron motion of the quantum well electrons. The substrate features in the spectra are also qualitatively described by the model, particularly emission at the GaAs cyclotron frequency. However, the experimental spectra do not show the predicted coupling between the quantum well modes, although the predicted anti-crossing behavior has been observed in far-infrared transmission measurements of similar samples. [14] Additionally, it does not predict the large line-broadening observed in the low-frequency emission. We suggest that the large line-width of the central peak is due to the inhomogeneous carrier density in the photoexcited plasma, which is not treated in the model. In contrast, at high fields the upper branch frequency is close to the cyclotron frequency and its position is nearly density independent. Therefore the cyclotron peak becomes narrow.
n-InAs
It is well known that the Fermi-level is pinned in the conduction-band at oxidized InAs surfaces, and magnetotransport [15] and photoelectron [16] spectroscopy have identified a surface accumulation layer with typical carrier densities of order 10 12 cm -2 . There is no depletion layer at the InAs-air interface, and the surface electric field is almost completely screened by conduction-band electrons. Therefore, acceleration of photoexcited carriers in the surface field is unlikely to play an important role in THz generation in InAs. This suggestion is supported by experiment. In InAs the conduction band bends down at the surface, so that the surface electric field in n-GaAs and in n-InAs have opposite sign. Our experiments show that the initial sign of the radiated THz electric field is the same in n-GaAs and n-InAs (Figure 1) . Since the sign of the field is determined by the direction of acceleration of the charge, the data are inconsistent with surface-field screening in InAs.
On the other hand, photoexcitation with =800nm radiation produces carriers with excess energy ~1eV in InAs. These rapidly thermalize with the extrinsic carriers, producing a large gradient in the electron temperature near the surface, and a Dember field ~40kV/cm through equation (1), [17] comparable to the surface electric field in GaAs with carrier densities of order 10 16 cm -3 . Hot carrier diffusion drives electrons into the sample, consistent with experiment.
THz emission spectra from n-InAs are shown in Fig. 4 (n = 1.8x10 16 cm -3 ) and Fig. 5 . (n = 7x10 16 cm -3 ). For both samples the B = 0 emission spectra is dominated by a single broad peak at the plasma frequency. All InAs samples investigated also show a sharp emission feature near the LO phonon frequency. Emission spectra and the integrated THz power from the n-type samples were recorded for magnetic fields parallel to the sample surface from B = -5T to 5T. In the n = 1.8x10 16 cm -3 sample, the broad feature observed at B = 0 evolves and moves to lower frequency with increasing field. As in GaAs, we observe a change in the sign of the electric field component at the zero-field plasma frequency at a finite positive field (B = +0.2T). However, in InAs the emission becomes dominated by a distinct lowfrequency feature which peaks near ≈ 0.35 THz . This low frequency component changes sign at B = 0. We obtain similar results from the more heavily doped sample. Spectra were also measured with the magnetic field at = 45° to the surface. In this geometry the low-frequency feature shifts to higher frequencies with increasing field.
As for the parabolic well, we use a two component system to model THz emission in InAs. We model carriers in the surface accumulation layer as a 2D-plasma, and the extrinsic carriers in the bulk as a 3-D plasma. We cannot see the intersubband plasma oscillation in the surface layer directly in our measurements: for a carrier density of n s ≈ 10 12 cm −2
we expect s~1 5 THz, which is outside the experimentally accessible range. However, for B parallel to the surface, the 2D plasma model predicts emission which peaks at low frequencies due to purely damped carrier motion parallel to the surface. We fit the THz emission from InAs as a sum of surface and bulk contributions. The parameters of the bulk plasma were determined from measurements at B = 0. The relative amplitudes of the bulk and surface oscillations was fit from measurements at B = 0.5T. Figures 3 and 4 show model emission spectra from the bulk and surface carriers calculated using these parameters. The model also predicts that the low-frequency component should change sign at B = 0, while the high-frequency bulk-like component should change sign at a finite positive magnetic field. Both of these predictions are in agreement with the data. For a B-field at 45 degrees to the surface, we have cyclotron motion in the surface layer, and the center of the low-frequency peak should shift to higher frequency with increasing field, as observed.
For magnetic fields |B| > 1 T our model reproduces the experimental line positions, but does not accurately predict the peak intensities. In particular, the model predicts that the intensity of the surface mode contribution should increase continuously with increasing field within the measurement range. Experimentally this is not observed (see Fig. 3 ). The discrepancy may reflect oversimplifications of the model. We have not considered any magnetic-field dependence to the initial excitation amplitude of the surface and bulk modes, or to the damping parameters. We also have not considered coupling between surface and bulk modes. THz emission data for p-InAs is shown in Figure 6 . At finite magnetic fields the spectrum is dominated by lowfrequency emission. The peak-frequency of the emission increases approximately linearly with increasing field, and at B = 5T the emission is 0.84 THz and the line-width is 1.1THz (FWHM). At high fields (B = 3T) the radiated THz power is comparable to that emitted by the n-InAs samples.
SUMMARY
We report measurements of photo-induced THz emission from bulk InAs, n-GaAs and a parabolic GaAs/AlGaAs quantum well as a function of magnetic field. The emission processes in these three systems can be described using a semiclassical model of magneto-plasma oscillations of bulk free carriers and cyclotron-intersubband motion of free carriers in a 2D electron gas. These models provide a simple physical picture of the emission mechanism, but do not fully explain our results. The bulk model describes THz emission from n-GaAs at all magnetic fields. A model including both bulk plasma oscillations and THz emission from a surface accumulation layer describes THz emission from the parabolic GaAs/AlGaAs quantum well and from InAs in a moderate magnetic field, but in InAs there are significant discrepancies at fields |B| >1.0 T.
